The identification of biodiversity hotspots and their management for conservation have been hypothesized as effective ways to protect many species. There has been a significant effort to identify and map these areas at a global scale, but the coarse resolution of most datasets masks the small-scale patterns associated with coastal habitats or seamounts. Here we used tuna longline observer data to investigate the role of seamounts in aggregating large pelagic biodiversity and to identify which pelagic species are associated with seamounts. Our analysis indicates that seamounts are hotspots of pelagic biodiversity. Higher species richness was detected in association with seamounts than with coastal or oceanic areas. Seamounts were found to have higher species diversity within 30-40 km of the summit, whereas for sets close to coastal habitat the diversity was lower and fairly constant with distance. Higher probability of capture and higher number of fish caught were detected for some shark, billfish, tuna, and other by-catch species. The study supports hypotheses that seamounts may be areas of special interest for management for marine pelagic predators.
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by-catch | fisheries | longline | pelagic predators | seamount conservation F or the last decade there has been considerable debate about the status and sustainability of pelagic fisheries around the world (1) (2) (3) (4) (5) (6) and their effects on the ecosystems that support them (7) (8) (9) (10) . Many species may be protected by identifying biodiversity hotspots and managing them for conservation (11) . This approach is well established for terrestrial systems and marine tropical reefs (12, 13) , but less so for the pelagic ecosystems of the open ocean (11) . Simulation modeling has indicated that management techniques such as area closure are likely to help conserve many pelagic species (11) . Accordingly, there has been a significant effort to identify and map pelagic biodiversity hotspots at a global scale, but progress has been limited. The coarse resolution of most datasets masks the smallscale patterns associated with coastal habitats or seamounts (14) . Hotspots that have been identified in open ocean areas have been typically associated with particular environmental factors and mesoscale oceanographic features such as latitude, fronts, or eddies (14, 15) . The dynamism of pelagic environments can significantly reduce the efficacy of conservation measures (16) . To address this issue, dynamic marine reserves that move with the wildlife have been suggested (17) , but such approaches may not be workable (18) .
Many seamounts are important aggregating locations for highly migratory pelagic species (19) (20) (21) (22) (23) , but their role in aggregating pelagic biodiversity is largely unknown. If seamounts are hotspots for pelagic biodiversity then they may prove to be suitable areas for conservation measures in open ocean environments. Morato et al. (23) demonstrated that seamounts aggregate some visitor species but did not demonstrate that this behavior can be generalized. Building upon this previous work, we examine the role of seamounts in aggregating pelagic biodiversity by applying ocean basin scale generalized linear models (GLMs) to location-specific fisheries catch data. In addition, we analyzed catch per unit of effort (CPUE) in relation to distance to seamounts to identify those pelagic species that are significantly associated with seamounts. The dataset comprised a time series from 1980 to 2007 of species catch data collected on tuna longline vessels by independent observers over large areas of the western and central Pacific Ocean, coupled with comprehensive data on the location of seamounts (24) .
Results
Seamounts as Hotspots of Biodiversity? Rarefied pelagic diversity was significantly higher in seamount habitats than in coastal or oceanic waters (Fig. 1A) and was found to be nonlinearly related to the distance to seamount, with diversity higher close to the summits (Fig. 1B) (Fig. 2) . The relationship for describing species diversity was complex with distance to features, number of hooks, and latitude the strongest predictors of species diversity (Table  1) . When all variables except distance to feature were kept constant, seamounts were found to have higher rarefied diversity within 30-40 km of the summit (Fig. 3) . For coastal and oceanic habitats the rarefied diversity was lower and not affected by distance to the feature (Fig. 3) . A statistically significant effect of moon was not detected for rarefied diversity. The detailed GLM results are presented in Table S1 .
Highly Migratory Pelagic Species Aggregating Around Seamounts. To identify which species aggregate around seamounts, the relationship between CPUE and distance to seamounts was examined for individual species. There were sufficient data to analyze 37 taxa. Of these, seamount aggregation effects were detected for 41% of the taxa (15 taxa of shark, billfish, and pelagic teleost fish), although the opposite effects were detected for only 3 taxa (Table 2 ). For the shark taxa the probability of catching the species increased closer to seamounts for porbeagle shark (Lamna nasus), short-finned mako shark (Isurus oxyrinchus), and silky shark (Carcharhinus falciformis) and decreased for pelagic stingray (Pteroplatytrygon violacea). The average number caught per set was also higher closer to seamounts for silky sharks. We did not detect an effect of seamount on the probability of being caught for blue shark (Prionace glauca), but observed that in sets that caught the taxa the average number caught was higher closer to seamounts. For the billfishes and tunas the probability of catching the species increased closer to seamounts for yellowfin tuna (Thunnus albacares), blue marlin (Makaira nigricans), and swordfish (Xiphias gladius) and decreased for albacore (Thunnus alalunga) and shortbill spearfish (Tetrapturus angustirostris). For the other pelagic teleost fish the probability of catching the species increased closer to seamounts for ribbon fish (Trachipterus trachypterus), butterfly kingfish (Gasterochisma melampus), big-scaled pomfret (Taractichthys longipinnis), Atlantic pomfret (Brama brama), and long-snouted lancetfish (Alepisaurus ferox). The average number caught per successful set was also higher closer to seamounts for butterfly kingfish but lower for ribbon fish and big-scaled pomfret. We did not detect an effect of seamount on the probability of being caught for short-snouted lancetfish (Alepisaurus brevirostris) and moonfish (Lampris guttatus), but observed that the average numbers caught per successful set were higher closer to seamounts for both species. For the other 19 species, statistically significant trends were not detected (Table S2) . Seamount aggregation effects on both probability of capture and number caught were also observed for the unidentified species category.
Discussion
Our analyses suggest that seamounts are hotspots of pelagic biodiversity, because they show consistently higher species richness than do shore or oceanic areas. Moreover, our study indicates that higher species diversity is likely to occur within 30-40 km of seamount summits. This study also demonstrates that many marine predators and other visitors are associated with seamounts. The GLM model did not take into account the species being targeted or the depth and time of sets as information on these variables was not contained within the database. These factors may influence the results but are unlikely to affect the overall patterns, which are robust.
Associations with seamounts have been previously described for a few species of tuna (20, 23, 25, 26) , sharks (22, 27) , billfishes (28, 29), some seabirds (23, 30) , and some marine mammals (23, 31) , mostly at an individual seamount scale. Our study suggests, however, that seamount associations are probably more common and widespread than previously anticipated. The resolution of the data collected does not provide any opportunity to identify the mechanistic explanations for why seamounts aggregate biodiversity. However, seamounts generate conditions such as increased vertical nutrient fluxes and material retention that promote productivity and fuel higher trophic levels (32-34). Seamounts also have unique "magnetic signatures" that may contribute to their use as rest stops or feeding grounds for many pelagic species such as sharks, whales, and other migrants (35, 36) . It is likely that the mechanistic explanation is a combination of factors that make seamounts suitable mating, feeding, and nursery grounds for highly migratory pelagic species as well as benthic organisms (37) .
Higher pelagic biodiversity has previously been noted in intermediate latitudes (11) and our analyses support this hypothesis. However, we also noted high diversity in some tropical latitudes. In previous studies, data have been scarce for the tropical latitudes between 10°N and 10°S, whereas the observer data used in this study provided more comprehensive coverage. Further development of observer programs to ensure comprehensive spatial and temporal coverage is encouraged.
Conserving biodiversity hotspots has been demonstrated to yield significant conservation benefits (11) . Therefore, our analyses support the utility of seamounts as potential locations for offshore marine reserves. Seamount habitats are easier to conserve than ephemeral areas because they are easier to map, survey, and enforce. The establishment of a network of marine reserves on seamounts may help to conserve pelagic biodiversity and achieve sustainability of marine predator species, such as porbeagle shark, short-finned mako shark, silky shark, blue shark, yellowfin tuna, blue marlin, swordfish, ribbon fish, butterfly kingfish, big-scaled pomfret, Atlantic pomfret, longsnouted lancetfish, short-snouted lancetfish, and moonfish.
Materials and Methods
Fisheries and Seamount Data. The Western and Central Pacific Ocean (WCPO) is by far the most important tuna fishing ground in the world, contributing ≈50% (2.4 million tons in 2007) of the global tuna catches (38) at an economic value of US$3.8 billion. The longline fishery in the WCPO has a smaller catch (∼10% of the total), but its value is relatively high (30% of the total value). It targets adult bigeye (Thunnus obesus), yellowfin (T. albacares), and albacore tuna (T. alalunga), and in some cases sharks or swordfish (X. gladius), and operates with fairly standard gear configurations that comprise a main line, branch lines between floats, and float lines. The Secretariat of the Pacific Community (SPC) maintains the regional database for fisheries observer programs in the WCPO, which commenced in 1980. The study area extends from 35°N to 50°S in latitude and from 130°E to 120°W in longitude (Fig. S1 ). All longline sets from the period 1980-2007 were extracted from the SPC's observer dataset, which include trips conducted onboard industrial and semi-industrial vessels from the Pacific Island Countries and Territories and from distance-water fishing nations. Depth of fishing was not recorded but is known to vary according to setting strategies. The database contains 23,546 longline sets with the number of hooks per set ranging from a few hundred to several thousand, averaging ∼2,000 hooks per set. Observer quality was assumed to be consistent across all sets. The dataset contains catch data for 352 taxa, but only 50 taxa were recorded in >500 longline sets (Table S3 ). The number of recorded species as a function of fishing effort reached an asymptote (at ≈10-20 million hooks), indicating that the sample size obtained from the observer programs was sufficient to perform the biodiversity analyses (Fig. S2) .
Catch by species was returned as number, size, and weight. Date and geographic location of the set, number of hooks, and flag and fleet of the fishing boat were also extracted. The distance of each longline set to the closest seamount was estimated using the simple spherical law of cosines and a Pacific seamount dataset containing 7,741 features (24, 39) . Additionally, distances of longline sets to the closest shore were estimated using a land shapefile (including atolls). Longline sets were then categorized by habitat as seamount sets (distance to seamount < distance to shore and < 100 km), coastal sets (distance to shore < distance to seamount and < 100 km), or oceanic sets (distance to shore and distance to seamount >100 km). The longline dataset contained 10,602 seamount sets, 5,164 coastal sets, and 7,780 oceanic sets.
Biodiversity Analyses. Species richness is known to increase with sample size, and differences in richness may be caused by differences in sample size. To solve this problem, we used rarefaction techniques to account for differences in fishing effort (number of hooks) among longline sets (40, 41) . The expected number of species (Ŝ 40 ), standardized to 1,000 hooks per longline set, was rarefied for subsamples of 40 individuals from the total number of AIC, Akaike's information criterion; df, degrees of freedom; EEZ, Exclusive Economic Zone; ns, natural cubic splines. Fig. 3 . The effect of the variables distance × feature on species diversity rarefied from 40 individuals (Ŝ 40 ). One variable was predicted at a time from the results of the GLM by fixing the other variables. individuals in the sample. This methodology has been extensively used to compare the species richness obtained from longline fishing fleets (11, 14, 42) . The effects of habitat type and distance to habitat feature were analyzed for the estimated rarefied richness.
GLM techniques were used to standardize rarefied richness and to evaluate whether the presence of habitat features and the distance to the feature were significant explanatory variables. The explanatory variables included in the model were year as a proxy for temporal variability, moon phase as the relationship between lunar periodicity and catch rates as has been demonstrated for a wide variety of commercially exploited species (e.g., ref. 43) , geographical area, fleet type, distance to the closest feature, and fishing effort. Akaike's information criterion (AIC) was used to compare the model fits using different relationships with distance to feature, with log-transformed having the better fit. The model used waŝ
þ flagfleet þ Logðdistance to featureÞ· feature þ nsðhooks; df ¼ 10Þ:
Years included in the standardization were 1982 and 1987-2007 becauseŜ 40 estimates were not available for other years. Moon phase was divided into eight categories from new to full. The geographical areas used in the standardization were squares of 5°latitude and longitude because they originate better fit than many other approaches. Vessels were categorized on the basis of a combination of their flag and fleet type. Effort was measured as the natural cubic splines (ns) of the number of hooks in each longline set. The species being targeted and the depth and time of a set can influence the nontarget species caught. Information on these variables was not contained within the database and fleet type and number of hooks were used as a proxy measures for these variables.
Analyses of the GLMs for Each Highly Migratory Pelagic Species. We used GLM techniques to standardize catch data for each by-catch species caught in at least 500 sets of the 10,602 sets for which a seamount was the closest feature and was within 100 km (Fig. S3) . We modeled the data in two parts using a δ-lognormal GLM (44) . In the first (binomial) part we modeled the probability of catching any of the species in a set. In the second (lognormal) part we modeled the number caught in sets where at least one animal was caught. We used AIC to test for effects of distance to seamount by modeling the data with and without a seamount term. The explanatory variables included in the models were the same as in the biodiversity analyses. The models adopted to standardize data were
where species n ≠ 0, and
We examined the residuals to check that the assumptions were not violated for each model. By-catch species were considered to be associated with seamounts if the seamount distance effect was statistically significant and negative (i.e., higher catch rate when closer to seamount summits).
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